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Edited by Vladimir SkulachevAbstract Puriﬁed ArsH from Sinorhizobium meliloti exhibits
NADPH:FMN-dependent reduction of molecular O2 to hydro-
gen peroxide and catalyzes reduction of azo dyes. The structure
of ArsH was determined at 1.8 A˚ resolution. ArsH crystallizes
with eight molecules in the asymmetric unit forming two tetra-
mers. Each monomer has a core domain with a central ﬁve-
stranded parallel b-sheet and two monomers interact to form a
classical ﬂavodoxin-like dimer. The N- and C-terminal exten-
sions of ArsH are involved in interactions between subunits
and tetramer formation. The structure may provide insight in
how ArsH participates in arsenic detoxiﬁcation.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Arsenic resistance (ars) genes are widespread [1]. ArsH en-
coded by the Sinorhizobium meliloti ars operon has conserved
domains related to the NADPH-dependent ﬂavin mononucle-
otide reductases [2]. ArsH is widely distributed in bacteria (123
entries), sparsely in fungi (13 entries) and purple sea urchin,
Strongylocentrotus purpuratus (3 entries), and, to date, none
in archaea or other eukaryotes. ArsH from Yersinia enterocol-
itica confers resistance to both arsenite and arsenate [3]. Dele-
tion of arsH from Serratia marcesens or S. meliloti results in
loss of resistance [2,4]. In contrast, arsH from Acidothiobacillus
ferrooxidans or Synechocystis do not appear to confer arsenic
resistance [5,6]. Thus, the role of ArsH in arsenic resistance re-
mains unclear. Here we report initial characterization and
1.8 A˚ resolution crystal structure of ArsH. ArsH is a H2O2-
forming NADPH:FMN oxidoreductase that also reduces azo
dyes, frequent industrial pollutants in waste water [7].2. Materials and methods
2.1. Cloning, expression and puriﬁcation
The arsH gene was ampliﬁed by polymerase chain reaction from
genomic DNA of S. meliloti strain Rm1021, cloned into pET28a
(Novagen) and expressed with a six-histidine tag in E. coli strainAbbreviations: NADPH, reduced nicotinamide adenine dinucleotide
phosphate; FMN, ﬂavin mononucleotide; NADH, reduced nicotin-
amide adenine dinucleotide
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a ProBond column (Invitrogen). ArsH concentrations were determined
from A280nm (e = 30940 M
1 cm1).
2.2. Identiﬁcation of prosthetic group
Puriﬁed ArsH was boiled for 5 min, centrifuged, and the supernatant
analyzed in the dark on a cellulose thin layer plate in 1-butanol:acetic
acid:acetone:water (5:1:2:3) [8]. The spots were visualized with ultravi-
olet light. The amount of ﬂavin mononucleotide (FMN) in puriﬁed
ArsH was quantiﬁed by absorption at 445 nm using a molar extinction
coeﬃcient of 12020 M1 cm1. The concentration of FMN in a solu-
tion of 2.9 lMArsH was determined to be 0.3 lM, indicating that only
10% of the ArsH molecules contained FMN.
2.3. Enzyme assays
ArsH was assayed for NADPH:FMN oxidoreductase activity in
1 ml of 25 mM Tris, 25 mM Bis–Tris Propane (pH 7.0), 0.1 mg/ml bo-
vine serum albumin, 0.2 mM NADPH, 50 lM FMN, 1 mM EDTA
and 10 nM ArsH at 37 C. NADPH oxidation was followed at
340 nm (e = 6220 M1 cm1). An Amplex Red Hydrogen Peroxide/
Peroxidase Assay Kit (Invitrogen) was used to determine H2O2 forma-
tion, as described [9]. Reduction of the azo dye Ponceau S was per-
formed as described [7].
2.4. Crystallization and solution of the ArsH structure
Crystals of ArsH in 10 mM HEPES (pH 7.2) and 50 mM NaCl were
grown at 23 ± 2 C, in hanging drops, from a 1:1 mixture (1 ll of each)
of protein (15 mg/ml) with 17% (w/v) PEG 6000, 0.1 M calcium ace-
tate, and 0.1 M sodium cacodylate, pH 6.5. Micro-seeding was neces-
sary for growing large single crystals. Crystals with a maximal size of
0.2–0.4 mm appeared within 3 days. The crystals were frozen in liquid
nitrogen after soaking in cryoprotectant buﬀer containing 35% (w/v)
PEG 6000, 0.1 M calcium acetate, 5% glycerol, and 0.1 M sodium cac-
odylate, pH 6.5, and a native data set was collected under cryogenic
conditions at Argonne National Laboratory Advanced Photon Source
(ANL-APS) beamline 32-ID-B. The data were indexed and integrated
using MOSFLM [10] and scaled and merged using SCALA [11]. Hea-
vy-atom derivatives were prepared by soaking crystals for 40 min in
cryoprotectant buﬀer containing 5 mM ethyl mercuric phosphate.
Hg-derivative crystals were ﬂash-cooled and used for data collection
with a Rigaku/MSC FR-D rotating-anode X-ray source equipped with
an R-AXIS HTC image-plate detector. Data were processed with
MOSFLM and SCALA.
The structure was determined by single isomorphous replacement.
SnB [12] was used to ﬁnd the 10 Hg sites. Their positions were entered
into PHENIX [13,14] for phasing, density modiﬁcation. Initial model
building led to tracing of about 80% of the residues. Additional resi-
dues were built manually using Xﬁt [15]. Reﬁnement was carried out
using Refmac5 [16]. Reﬁnement statistics are shown in Table 1. All ﬁg-
ures were created with PyMol [17].3. Results
3.1. Expression and puriﬁcation of ArsH
The 241-residue S. meliloti ArsH (NP_385180) was puriﬁed
as a C-terminally six-histidine tagged construct with a mass
of 27890 Da. ArsH was soluble in the cytosol and puriﬁed toblished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics
Crystal data Native Hg derivative
Data collection
Resolution (A˚) 39.6–1.80 (1.90–1.80) 36.1–2.50 (2.64–2.50)
Space group P42 P42
Unit cell parameters (A˚) a = b = 158.53; c = 87.95 a = b = 158.28; c = 88.21
Total number of reﬂections 2104522 (227608) 458434 (52229)
Total number of unique reﬂections 185319 (24428) 75309 (10782)
Rmerge (%)
a 8.8 (53.2) 8.7 (35.3)
Completeness (%) 92.1 (83.5) 99.5 (97.9)
I/r(I) 18.3 (3.1) 18.0 (4.0)
Phasing
Resolution (A˚) 36.1–2.50
Figure of merit (after density modiﬁcation) 0.25 (0.60)
Reﬁnement
Resolution (A˚) 39.6–1.80 (1.85–1.80)
I/r cutoﬀ 0
Number of protein atoms 14077
Number of sulfate ions 7
Number of water molecules 1682
R/Rfree (%) 17.3/21.2 (25.3/32.4)
R.m.s.d. bonds (A˚) 0.016
R.m.s.d. angle () 1.7
Mean B factor (A˚2), protein/ion/water 22.2/24.0/29.4
Values in parentheses are for highest resolution shell.
aRmerge =
PjI  ÆIæj/PI, where I is the observed intensity, ÆIæ is the statistically weighted average intensity of multiple observations of symmetry-
related reﬂections.
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of 28 kDa, that of an ArsH monomer, was observed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (data not
shown). ArsH eluted as a 112 kDa tetramer by size-exclusion
chromatography (data not shown).
Puriﬁed ArsH is yellow in appearance and exhibits typical
ﬂavoprotein absorption spectrum, with major peaks at
372 nm and 453 nm. On thin layer chromatography of the yel-
low supernatant from a boiled ArsH preparation, a single ﬂuo-
rescent spot was found that migrated at the position of an
FMN standard, indicating that FMN is the cofactor. How-
ever, only 10% of puriﬁed ArsH has bound FMN.
3.2. Enzymatic properties of recombinant S. meliloti ArsH
ArsH exhibited NADPH:FMN oxidoreductase activity with
exogenously added FMN, with a Vmax of 70 lmol of NADPH
oxidized/min/mg protein. Optimal activity was observed be-
tween pH 6.5 and 7.5. The Km for reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) was 0.1 mM, and the
concentration of FMN required for half-maximal activation
was 7.5 lM. No activity was detected with reduced nicotin-
amide adenine dinucleotide (NADH), and no requirement
for arsenite or arsenate was observed, nor was there any con-
version of arsenite into other species. It may be that the condi-
tions for coupling the reaction to arsenicals in vitro have not
yet been identiﬁed.
NADPH:ﬂavin oxidoreductase from Entamoeba histolytica
reduces O2 to H2O2 [18]. Under similar conditions, ArsH pro-
duced 20 lmol of H2O2 min
1 mg1 during NADPH oxida-
tion (data not shown). ArsH has weak homology with
azoreductases from Bacillus and Staphylococcus species
[7,19]. The ability of ArsH to reduce the azo dye Ponceau S
with NADPH and FMN was assayed. Reduction of Ponceau
S was assayed as the decrease in dye absorbance at 520 nmusing an extinction coeﬃcient of 33470 M1 cm1. The rate
of reduction by puriﬁed ArsH was determined to be 363 nmol
of Ponceau S reduced/min/mg protein.
3.3. Overall structure of S. meliloti ArsH
The S. meliloti ArsH structure was solved by single isomor-
phous replacement and reﬁned to 1.8 A˚ (PDB ID code 2Q62).
Most residues in the ﬁnal model are well deﬁned in the 2Fo  Fc
electron density map. FromRamachandran plots [20], 92.9% of
the residues are in the most favored regions, 7.0% in additional
allowed regions, and none in disallowed regions.
ArsH crystals belong to space group P42 with eight mole-
cules in the asymmetric unit (molecules A, B, C, D, E, F, G,
and H) in two tetramers of approximately 75 · 60 · 70 A˚3
each. The tetramers are identical, with RMSD of 0.43 A˚ be-
tween the Ca atoms and only weak interactions between tetra-
mers. A model of the tetramer structure is shown (Fig. 1A).
The ﬁnal model contains residues 8–227 (monomer A), resi-
dues 8–229 (monomer B), residues 9–229 (monomer C, E,
and H), residues 8–242 (monomer D), residues 9–227 (mono-
mer F), residues 8–226 (monomer G), seven sulfate ions, and
1682 water molecules.
Each monomer is a global a/b protein with a single core do-
main of ﬂavodoxin-like architecture with a central ﬁve-
stranded parallel b-sheet (strand order b2, b1, b3, b4, and
b5) ﬂanked by helices a1 and a5 on one side and three helices
(a2–a4) on the other (Fig. 1B). There is a short 310 helix (res-
idues 178–180) between a5 and b5. The ArsH secondary struc-
ture is consistent with that of other ﬂavoproteins. ArsH has an
N-terminal extension with two 310 helices (residues 15–17 and
residues 36–41) and a C-terminal extension with two helices:
a6 is almost perpendicular to a5, while a7 is perpendicular
to a6. Together these helices form a small domain involved
in subunit interactions (see below). There are interactions be-
Fig. 1. X-ray crystal structure of S. meliloti ArsH. (A) Tetramer form of ArsH. The monomers A, B, C, and D are colored red, green, blue, and
yellow, respectively. (B) Ribbon representation of the ArsH monomer with secondary structural units. Helices, strands, and loops are colored cyan,
magenta, and yellow, respectively.
Fig. 2. Interactions between ArsH subunits. (A) A ﬂavodoxin-like dimer interface is formed by interactions of helices a3 and a4 from both monomer
A and monomer B. Only the helices from one monomer are labeled. (B) A non-ﬂavodoxin-like dimer interface is formed by interactions between
monomers A and D through the extensions and helices a4, a5, a6 and a7 of each subunit. (C) Polar interactions (hydrogen bonds or salt bridges)
between helix a5 of subunit A and the C-terminal extensions from subunit D. For clarity, only residues involved in polar interactions are shown as
sticks. Dashed lines represent polar interactions.
3998 J. Ye et al. / FEBS Letters 581 (2007) 3996–4000tween the N-terminal and C-terminal extensions of the same
monomer. The amide nitrogens of Asn-14 and Asp-22 makehydrogen bonds with the hydroxyls of Tyr-222 and Tyr-217,
respectively.
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ArsH is likely a functional tetramer: it is a tetramer in solu-
tion, and there are two tetramers in the asymmetric unit.
Monomers A and B form a classical ﬂavodoxin-like dimer,
while monomers C and D form another dimer. Upon dimer
formation, a surface area of 2300 A˚2 is buried, comparable
with other ﬂavoproteins such as T1501, a dimeric 20-kDa
FMN reductase from Pseudomonas aeruginosa [21]. The ArsH
tetramer is a dimer of dimers. The monomers in the tetramer
show non-crystallographic 222 symmetry. The buried surface
area of the tetramer is 12000 A˚2, or 3000 A˚2 per monomer,
compared with 1150 A˚2 per monomer for classical dimers, sug-
gesting that this tetrameric structure is biologically relevant.
The N-terminus helices, a1, a4, a5, and the C-terminal helices
a6 and a7 are involved in dimer–dimer interaction. The N- and
C-terminal extensions of ArsH are extensively involved in
interactions between subunits and are essential for tetramer
formation. If 30 residues from both the N- and C-termini of
ArsH are excluded, it would resemble a classical ﬂavodoxin,
and the buried surface area would decrease to 3600 A˚2 or
900 A˚2 per monomer. Each monomer interacts with two others
to form a tetramer. For example, monomer A interacts with B
and D. Molecules A and B interact with each other mainly
through helices a3 and a4 to form a classical ﬂavodoxin-like
dimer (Fig. 2A). Monomer A also interacts with monomer D
to form an interface that not found in the classical ﬂavodoxin
dimer. The N-terminal extensions, helices a4, a5, a6, and a7,
are involved in interactions (Fig. 2B). Helix a5 is rich in polar
residues that form salt bridges or hydrogen bonds with resi-
dues from the terminal extensions of a diﬀerent subunit
(Fig. 2C). For example, Glu-202 and Arg-225 from diﬀerent
subunits form a salt bridge.
3.5. The putative FMN binding site
T1501 from P. aeruginosa is an FMN-containing dimer that
lacks the six-residue ﬂavodoxin ﬁngerprint motif (T/S)XTGXTFig. 3. The FMN binding site. FMN was modeled into the putative
binding site of ArsH by superimposing the main chain atoms of the
GSLRSGSYN loop from T1501 onto those of the GSLRTVSYS loop
of ArsH (with an RMSD of 0.6 A˚).[21]. ArsH also lacks the ﬂavodoxin motif. The atypical T1501
FMN binding site (residues GSLRSGSYN) is superimposable
on ArsH residues GSLRTVSYS, the putative FMN binding
site. FMN was not observed in the ArsH structure, most likely
due to the low FMN occupancy of the protein. However, in se-
ven of the eight monomers, a sulfate was found in a deep pock-
et formed by Ser-43, Arg-45, Ser-48, and Tyr-49. The sulfate
probably occupies a ribityl phosphate binding site, as observed
in the T1501 apoprotein [21]. We predict that ArsH binds
FMN similarly (Fig. 3). Most likely the FMN phosphate re-
places the sulfate and participates in hydrogen bonding with
the side chains of Ser-43, Arg-45, and Ser-48. The isoalloxazine
ring of FMN is predicted to interact with residues 107–111.4. Discussion
We have reported that disruption of arsH in S. meliloti leads
to As(III) sensitivity [2], indicating that ArsH is involved in
As(III) detoxiﬁcation. Possibly the ability to generate H2O2
is indirectly involved. H2O2 oxidizes trivalent forms of arsenic
to pentavalent forms in vitro [22], so perhaps ArsH-generated
H2O2 oxidizes the more toxic arsenite to the less toxic arsenate.
Alternately, trivalent arsenicals might serve as a terminal elec-
tron acceptor for ArsH, becoming reduced to volatile arsines
such as AsH3 or (CH3)3As that escape from cells. In conclu-
sion, ArsH is an atypical ﬂavodoxin with a non-canonical
FMN binding site that catalyzes oxidation of NADPH, gener-
ating H2O2 and reducing azo dyes. It is a tetrameric dimer of
dimers, each of which is similar to a ﬂavodoxin dimer. The
mechanism by which ArsH activity is coupled to arsenic detox-
iﬁcation is the subject of current study.
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